Saltation is the wind-driven, hopping motion of sand-sized particles across an erodible surface. This mode of motion not only transports sand and similar materials in its own right but can also initiate (through bombardment of the surface) the entrainment and subsequent transport by suspension of smaller dust particles. In this paper, we report a wind tunnel study of the effect of saltation bombardment on dust entrainment. The technique is to allow sand grains to saltate from an upwind sand source onto a bed of dust particles. The experiment confirms that the ejection of dust particles by saltation bombardment (as opposed to 
INTRODUCTION F d = a o u.
• (1 -u., ! u.) ( u.t_<u .) (1) Bagnold [1941] identified three particle transport modes contributing to wind erosion: suspension, saltation, and creep. Suspension, the natural transport mode for the smallest soil particles (diameter less than about 50 }am), leads to transport of fine soil constituents over large distances (kilometers to thousands of kilometers) from their point of origin. Because these fine constituents contain a disproportionate share of soil nutrient [Gupta et al., 1981; Zobeck and Fryrear, 1986 ], this transport is a potential source of significant long-term land degradation.
In principle, the movement of dust particles can be initiated either by aerodynamic forces or by the impact of saltating sand grains, a process known as bombardment. However, the part played by aerodynamic lift on dust entrainment is insignificant under realistic wind conditions, because of the strong cohesive forces associated with small particle size [Greeley and Iversen, 1985] . The interparticle bonds maintained by these cohesive forces are not readily broken by the typical aerodynamic forces acting on dust particles resting on the surface; however, they are easily disrupted by the impacts of saltating sand grains. Thus, bombardment is the most important mechanism responsible for eolian dust entrainment [Gillette, 1981 ]. scatter in this comparison was very large.
Our purpose here is to present, and explain theoretically, results obtained in a wind tunnel investigation of dust emission by saltation bombardment. The experimental data suggest that dust flux, F•, is approximately proportional to the vertically integrated streamwise flux of saltating particles, Q,., and therefore scales approximately with u. 3, the classical result for the dependence of Q.,. on u. [Bagnold, 1941; Owen, 1964] . Therefore, (1) is not supported by this study. In the following, we first describe the experiment and next present the observational results. We then outline a possible theoretical explanation for the observed proportionality of F• to u. 3 and finally discuss our findings in the context of previous work, especially the field observations of Gillette [1977, 1981] .
DESCRIPTION OF EXPERIMENT
The experiment was carried out in the portable wind tunnel of the Department of Conservation and Land Management (formerly the Soil Conservation Service) of New South Wales. The construction and aerodynamic properties of the tunnel are described by Raupach and Leys [1990] . The maximum operational wind speed is 15 m s -• in a rectangular working section 1.15 m wide and 0.9 m high. Owen and Gillette [1985] considered the constraints on the development of saltation 12, 719 imposed by the wind tunnel dimensions and concluded that the tunnel Froude number U2/gH (where U is wind speed, g is the acceleration due to gravity, and H is the height of tunnel), should be less than 20. The dimensions of the tunnel are sufficiently large that this requirement is satisfied for normal operational wind speeds, so our results should be free of any serious effects caused by tunnel constraints. In the first 2 m of the working section, the development of a deep turbulent boundary layer is initiated by a tripping fence (40 mm high) mounted on a roughened, nonerodible baseboard. The wind tunnel length (excluding the initial 2-m flow development section) can be extended to 17 m, but for the purpose of this experiment, a short tunnel (6 m) was found to be sufficient and easy to operate. The principal experimental configuration, here called the "bombardment" configuration, is illustrated in Figure  1 . Two beds of material were placed in the tunnel: an upstream bed of saltation material of streamwise length 1 m, which produced a supply of saltating grains, followed immediately by a bed of dust of length 2 m, which was subjected to saltation bombardment.
The saltation material was prepared from an eolian red sand 
Dust Entrainment by Saltation Bombardment
We first consider the "pure dust" configuration (runs 1 to 4 in Table 1 ). Figure 2 shows that the streamwise dust flux, Q,t (and thus the surface flux density, F a, or dust entrainment rate), decays rapidly with time, becoming negligible less than 200 s after the onset of the wind. The initial dust fluxes (which are small in comparison with the fluxes induced by saltation bombardment, as shown later) are caused by the removal of extremely loose dust particles from the newly prepared bed; once these particles are removed, the dust bed stabilizes and is not subject to further erosion. This is a well-known phenomenon, observed by Bagnold [1941] in experiments with cement particles. Bagnold ascribed the stability of the dust bed to the aerodynamic behavior of particles at very small Reynolds numbers. However, a substantial body of later work, reviewed by Greeley and Iversen [1985, p. 80] , has shown that the bed stability is actually caused by the cohesive forces between particles: the ratio of cohesive to aerodynamic forces acting on a particle on the surface increases rapidly as particle size decreases. In summary, aerodynamic lift alone induces negligible eolian dust entrainment under normal wind conditions.
The "bombardment" configuration examined the effect of saltation bombardment on dust fluxes (runs 5 to 26 in Table 1 ). Figure 3 shows the time evolution of the streamwise sand and dust fluxes, Q.,. and Qa, in the presence of saltation bombardment, for the 210 to 530-gm sand particle size range at four wind speeds. The dust flux, Qa, is substantially larger than even the maximum value produced by aerodynamic forces alone at a corresponding wind speed and is sustained for far longer times, essentially for as long as there is a supply of both sand and dust. In the two lower-wind-speed cases (Figures 3a and b) , both Q, and Q.,. remained constant with time for the 9-min run duration, following a short initial period of less than 60 s during which fluxes were abnormally high as very loose material was blown off the newly prepared bed (as in Figure 2 ). The higherwind-speed cases (Figures 3c and d) Time ( 
Dust Emission Flux is Proportional to u. 3
To examine experimentally the relationship between the surface dust flux, F,•, and the friction velocity, u., we use the direct measurements of the streamwise flux, Q,•, which is relateo to the bed-average value of F,• (over a streamwise length L,•) by (4). As mentioned earlier, the measurements of u. are unreliable; hence, instead of using u., we study the relationship between the streamwise fluxes and the reference wind speed, Uk. Figure 5 shows the time evolution of the sand and dust streamwise fluxes, Q.,. and Q,/, together with their ratio, Q,/Q.,., at the four reference wind speeds for all three saltation particle size ranges. Both Q.,. (Figure 5a ) and Qa (Figure 5b) show the expected increase with wind speed, apart from some supply limitation at the later stages of runs at the two higher wind speeds, which caused the fluxes to decay toward zero. The trend with saltation particle size class is for Q.,. to decrease with increasing particle size (at a given wind speed), mainly because of the increase in threshold friction velocity with increasing particle size above 100 I. tm [Greeley and Iversen, 1985] . For the largest size class (530 to 1000 I. tm), Q.,. is negligible at the lowest wind speed (Uk = 8 m s -•, u. = 0.34 m s 'l) because the wind speed is below (or just at) the entrainment threshold. We have argued that the dust flux, Q,/, is closely linked to the sand flux, Q.,., by the bombardment mechanism, so similar patterns of evolution are expected in both fluxes; this is what is observed (Figures 5a and b) . In particular, the dust flux is negligible for the largest saltation particle size class at the lowest wind speed, which was below saltation threshold. Also, limitation of sand supply at the two higher wind speeds produced not only declines in Q.,. but also declines in Qa at corresponding times. Figure 5c . which shows the ratio Qa/Q.,., which can be regarded as a measure of the efficiency of the bombardment process. This ratio is approximately constant (independent of wind speed) for a specified saltation particle size class; the values of Q/Q.,. are about 0.25, 0.7, and 0.8 for the 100 to 210-, 210 to 530-, and 530 to 1000-pm size classes, respectively. These constant values are observed throughout, apart from short initial periods during which extremely loose material is blown off the freshly prepared beds. as in Figure 1 , and periods of acute supply limitation late in the higher wind speed runs, when the ratio becomes undefined.
Bombardment Efficiency

Tke close relationship of Qa to Q.,. is verified in
In summary, Figure 5 shows that the efficiency ratio, Q,/Q,., is independent of wind speed for a given saltation particle size class and increases with saltation particle size at a given wind speed.
THEORY FOR THE DUST EMISSION FLUX
The following theory for dust emission by saltation bombardment is formed from two components: a theory for the dependence of saltation on friction velocity (following wellestablished lines), and a hypothesis about the energetics of dust emission.
Saltation: In general terms, the theory of saltation is well established, following Bagnold [1941] and the detailed analysis of Owen [1964] . The purpose of this section is to draw a few results from this theory by outlining a simplified summary. We In this context, we must allow for two major differences between our idealized bombardment experiment and natural dust emission in the field. First, the fetch was extremely short in our experiment, so that deposition of dust (as opposed to emission) is greatly underestimated. This is unlikely to affect our basic finding about dust emission, which is externally driven by saltation bombardment and is therefore largely independent of dust concentration. In contrast, deposition is strongly dependent on dust concentration [Chamberlain, 1983] , which in turn is controlled by the upwind emission flux and fetch.
The second main difference is that both the sand and dust particle characteristics were carefully controlled (idealized) in our experiment: both particle size distributions were sharply peaked, and the dust bed was loose, implying that the binding energies between dust particles were low and not broadly scattered. It is likely that this group of soil-dependent factors accounts for much of the difference between our results and those of Gillette [1977] and also for much of the large variability between field soils observed by Gillette Finally, the present work on saltation bombardment can be compared with investigations of eolian abrasion as a weathering process [Anderson, 1986] . Dietrich [1977] concluded that the fundamental parameters which control eolian abrasion are the kinetic energy of the impacting grain and the bond strength of the abraded material. This was confirmed by Greeley et al. [1982] , who investigated the susceptibility of surfaces to abrasion, S,, defined as mass of material eroded per particle impact. They found that for a given size of impact particle, S, is proportional to the square of the impacting-particle velocity, v 2, while for a given impact velocity, S,, is proportional to d 3, where d is the impacting-particle diameter. Hence, the combined relationship is that S,, is proportional to the kinetic energy of the impacting particle:
where rn is the impacting-particle mass. These findings are fully consistent with the basic assumption of our analysis, equation 
